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ABSTRACT: Pt single atoms and small clusters were dispersed on iron oxides
by a facile coprecipitation method. These catalysts, with or without calcination at
elevated temperatures, show excellent activity and selectivity for preferential
oxidation of CO in the H,-rich gas. They can completely remove CO from H,-
rich gas at a wide temperature range of 20—70 °C, which renders them suitable
for low-temperature applications. The reaction followed a mixture of competitive
mechanism and a noncompetitive/redox mechanism. The weakened CO
adsorption on small Pt clusters and atoms makes the competitive adsorption
of O, feasible, which ensures a high activity of Pt/Fe catalysts, even calcined at

elevated temperature.
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P referential oxidation of CO (PROX) has been regarded as
a promising approach to reduce the CO concentration in a
H,-rich stream to an acceptable level (<SO ppm) to meet the
requirement for application in proton exchange membrane fuel
cells (PEMFC).'™ Among various catalyst formulations that
have been developed to achieve this goal,' supported Pt
catalysts are the most intensively studied and regarded as a
promising candidate.”” Although supported Pt catalysts have
better stability and water and CO, resistance than the
supported gold and nonnoble metal catalysts, their activity is
relatively low. The commercial Pt/Al,O; catalysts are active for
PROX reaction only at temperatures above 200 °C.* Addition
of promoters—for instance, Fe, ' Co>'"'* Cuy,"® Sn,'*
Ru,”"* or K,'*""—or use of different supports™® can certainly
enhance the activity for CO conversion; it is, however, difficult
to realize total conversion of CO at ambient temperatures,
which is particularly important for fuel cell applications in
transportation.” In fact, there are only a few supported Pt
catalysts that have shown reasonable activity for CO conversion
at temperatures around 60 °C.°"”'® To the best of our
knowledge, among all the supported Pt catalysts reported in the
literature, only Pt supported by FSM-type mesoporous silica'®
and PtFe/SiO, with relatively higher Pt metal loading'® can
accomplish total conversion of CO at room temperature.
Recently, we found that single Pt atoms dispersed on iron
oxides could be extremely active for the PROX reaction.”
However, because of the current limitation of the low Pt
loading of the single-atom catalyst, the total conversion of CO
can be realized only at a PEMFC working temperature of 80
°C. Because preparing single-atom catalyst with high loadings
is—at least at this stage—a formidable challenge,21 fabrication
of supported Pt subnano cluster catalysts may provide an
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alternative route to maximize the Pt atom efficiency and realize
a desirable PROX performance at ambient temperatures.””

Here, we show, for the first time, that Pt subnanometer
clusters and single atoms dispersed onto iron oxide supports are
highly active for the PROX reaction, with a total conversion of
CO over a wide temperature window, from ambient temper-
ature to 70 °C. We also tested an iron oxide-supported gold
catalyst, a well-known highly active catalyst for CO oxidation
and PROX reaction, under identical reaction conditions. Our
subnanometer Pt catalysts exhibited an activity comparable to
that of the gold catalysts but with a much wider temperature
window for the total conversion of CO.

The Pt subnano cluster catalysts were fabricated by
coprecipitation of an aqueous solution of H,PtCls and
Fe(NO;); with an aqueous solution of Na,CO; at S0 °C.
The precipitate was filtered, washed, dried (denoted as Pt/Fe-
UC), and calcined at 200 or 400 °C for S h (denoted as Pt/Fe-
C2 and Pt/Fe-C4, respectively; see the support information
(SI) for details). The Pt loading was 2.0 wt % for the Pt/Fe-UC
catalyst (SI Table S1). The loadings for Pt/Fe-C2 and Pt/Fe-
C4 were slightly higher (2.3 and 2.5 wt %, respectively),
probably because of the weight loss, the phase change of the
iron hydroxide during the calcination process, or both. As
shown in SI Figure Sla, the iron oxide changed from
amorphous for Pt/Fe-UC and Pt/Fe-C2 to typical Fe,O; for
Pt/Fe-C4. Together with the strutural change, the BET surface
area of the corresponding catalysts decreased significantly with
increasing calcination temperature (SI Table S1).
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SI Figure S2 shows high resolution transmission electron
microscopy (HRTEM) images of Pt/Fe-UC, Pt/Fe-C2, and
Pt/Fe-C4 catalysts, which had been prereduced with 10 vol %
H,/He flowing at 200 °C for 30 min. Lattice fringes with a
spacing of ~0.29 nm corresponding to the (220) plane of
Fe;O, are clearly observed in all three samples. In addition,
lattice fringes with a spacing of ~0.25 nm are also found in the
Pt/Fe-C4 catalyst, which can be assigned to the (311) plane of
Fe,0, or the (110) plane of Fe,0;. Pt clusters with sizes of ~1
nm in diameter are visible in the HRTEM image of the Pt/Fe-
C4 sample after being reduced in 10 vol % H,/He. The Pt
particles in the Pt/Fe-UC and Pt/Fe-C2 are not easily
discernible, probably as a result of the effect of lens defocus
on particle contrast® or that the particle sizes in these two
samples are, in fact, much smaller than 1 nm in diameter.

XRD patterns (SI Figure S1b) of the reduced samples
suggested that both the Pt/Fe-UC and Pt/Fe-C2 catalysts
contain only Fe;O, phase, whereas the Pt/Fe-C4 catalyst
contains both Fe;O, and Fe,0; phases, in agreement with the
HRTEM results. The XRD patterns did not reveal any Pt-
containing crystal phases, suggesting that the Pt-containing
species are highly dispersed, also in line with the HRETM
results. The presence of Fe;0, crystallites in the Pt/Fe catalysts
indicates that the Fe** species are easily transformed to Fe?',
even though the reduction treatment was relatively mild. This
conclusion is further confirmed by temperature-programmed
reduction with H, (H,-TPR) of the three samples (SI Figure
S3).

For comparison, we first performed the H,-TPR of the pure
FeO, (ferrihydrite, as-synthesized with the same procedure but
without Pt) and Fe,O; (as-synthesized ferrihydrite calcined at
400 °C for S h) supports. The H,-TPR profiles of both
supports are composed of one sharp peak (positioned in the
region of 270—340 °C, denoted as peak II) and one broad band
(positioned in 400—800 °C, denoted as peak III), which
corresponds to the reduction of ferrihydrite/Fe,O; to Fe;O,
and further to FeO/Fe species, respectively.”*** The temper-
ature of peak II for ferrihydrite is lower than that for Fe,O;,
suggesting that the ferrihydrite itself is easier to reduce.”**° The
TPR profiles for Pt/Fe-UC and Pt/Fe-C2 show an even
sharper peak (peak I) at much lower temperature (110—120
°C) and a broad band (peak III). The amounts of H,
consumption for the above two catalysts, corresponding to
peak I, are 1625 and 1898 umol g, respectively (SI Table
S2). These are about 8-fold larger than that required for
reducing Pt*" to Pt’, suggesting that the Fe® species were
reduced together with the Pt* species at this temperature
caused by H, spillover from Pt to the ferrihydrite support. On
the other hand, the TPR profile of the Pt/Fe-C4 catalyst is
characterized by two peaks: the peak at 90 °C can be assigned
to the reduction of Pt*" to Pt’, whereas the peak centered at
222 °C is due to the partial reduction of Fe®" species. It should
be noted that the amount of H, consumption for peak I is still
double that required for reducing Pt*, suggesting that some
Fe®" species in close contact with the Pt species were also
reduced. The TPR trend of Pt/FeO, with calcination
temperature is different from the previous reported Ir/
FeO,*” suggesting that Pt and Ir nanoclusters interact
differently with the FeO, support.

To observe the Pt subnano clusters, we examined the Pt/Fe-
C4 catalyst by an aberration-corrected scanning transmission
electron microscope. Representative images of the catalyst are
shown in Figure 1 and SI Figure S4. With subangstrom
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Figure 1. STEM-HAADF images of Pt/Fe-C4 sample.

resolution individual Pt atoms (circles), two-dimensional Pt
rafts consisting of less than 10 Pt atoms (within the diamond in
the image) as well as three-dimensional Pt clusters (squires)
with sizes below 1 nm were clearly observed in the HAADF
images. The majority of the Pt clusters have sizes smaller than 1
nm in diameter and were uniformly dispersed onto the support
(SI Figure S4a)b,c). It should be noted that no larger particles
(>2 nm) were observed in low magnification images, suggesting
that the catalyst sample contains only Pt nanoclusters with sizes
much smaller than 2 nm in diameter. The unique properties of
the iron oxides or iron hydroxides that we used might play a
critical role in dispersing and stabilizing Pt nanoclusters. Even
after a treatment with 400 °C calcination for 5 h and 200 °C
reductions for 0.5 h, the Pt nanoclusters did not sinter much.

The PROX reaction was tested in a fixed-bed reactor system
with a continuously flowing gas mixture of 1 vol % CO, 1 vol %
0O,, 40 vol % H,, and the balance He. The space velocity was
fixed at 18 750 mL g.,,~' h™". Prior to the test, the catalyst was
reduced with 10 vol % H,/He at 200 °C for 30 min. Figure 2a
shows profiles of the CO conversion as a function of the
reaction temperature for the various catalysts. We also tested
the 4.4 wt % Au/Fe,O;-WGC catalyst provided by the World
Gold Council (WGC) for comparison (without any further
treatment). The CO conversion reached 100% within the
temperature range of 20—40 °C and then decreased gradually
when the reaction temperature was further increased, consistent
with the behavior of most supported Au catalysts reported in
the literature.”” >° The decrease in the CO conversion with
temperature should be caused by the competitive oxidation of
H, with O,. Compared with the 4.4 wt % Au/Fe,O;-WGC
catalyst, our Pt/Fe catalysts, regardless of whether calcined,
were not only as active as the standard gold catalyst but also
yielded 100% conversion of CO with a wider temperature
window (20—70 °C). The wider temperature window for full
CO conversion will provide operational flexibility in practical
applications. It should be noted that the loading of Pt in our
Pt/Fe catalysts is only about half that of the gold in the Au/
Fe,0;-WGC catalyst. Even with a lower loading of Pt, for
example, 0.62 wt %, the Pt/Fe-C4 catalyst still showed high
activity, and 90% of CO was converted to CO, at 20 °C,
demonstrating that our Pt/Fe catalysts are extremely active for
low-temperature PROX reaction. Actually, comparing with
other Pt catalysts that were reported to be very active for the
PROX reaction (SI Table S3), such as Pt—Co/YSZ,’> Pt/FSM-
16,° Ru@Pt/AIZO3,7 Pt—Fe/SiOz,19 and Pt—Fe/mordenite,>
our Pt/Fe catalysts are among the best-performance ones.

To obtain the intrinsic activity of our Pt/Fe catalysts, we
measured the specific rate at room temperature and calculated
the corresponding turnover frequency (TOF) under a
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Figure 2. CO conversion as a function of (a) reaction temperature and
(b) reaction time at 50 °C over various catalysts and at different
reaction conditions, respectively.

differential condition (CO conversions were controlled below
20%). We also compared our data with those reported in the
literature (Table 1). Clearly, all our Pt/Fe catalysts, regardless
of the treatment, are highly active and have specific rates and
TOFs similar to the standard Au/Fe,O;-WGC catalyst,
suggesting that they have comparable activity when measured
in per gram of gold or platinum. Compared with the Pt/Al, O,
catalyst, the commercially used formula for the PROX reaction,
our Pt/Fe catalysts are ~100 times more active.'” They are also
several times more active than that of the alkali-promoted Pt/
AL O, catalyst'® and the Pt;Sn/C catalyst,"* which were both
reported to be the most active Pt-based catalysts for PROX.
They are only slightly less active than the recently developed Pt
single-atom catalyst, with a very low loading of 0.17 wt %.>°

Because the H,-rich gas from reforming often contains a
large amount of CO, and H,0, we investigated the effect of
H,0 and CO, on the catalytic performance of the synthesized
Pt subnano cluster catalysts. As shown in Figure 2b, the
presence of 5 vol % H,O did not decrease the catalytic activity
of the Pt/Fe-C4 catalyst for PROX reaction; however, further
introduction of 20 vol % CO, in the feed stream indeed
imposed a negative effect on the catalytic performance of the
Pt/Fe-C4 catalyst, with CO conversion decreasing from 100%
to 75% after 500 min run at 50 °C. This should be most
probably due to the coverage of the active sites by CO,
adsorption.”® To verify this, we removed the CO, from the
reaction mixture, as shown in SI Figure S5, and the deactivation
rate decreased but the activity was not recovered, suggesting
that the adsorbed CO, could not be removed at low
temperatures (e.g., SO °C). However, the activity completely
recovered after the sample was purged with He at 200 °C for 30
min, providing evidence that the deactivation was caused by the
coverage of the active sites by adsorption of CO,. When
compared to the 4.4 wt % Au/Fe,0;-WGC catalyst, our Pt
subnano cluster catalysts still exhibited a better tolerance to
CO, poisoning.

For CO oxidation and PROX reactions on supported Pt-
group metal catalysts, the activation of O, is critical because the
CO adsorption on these metals is so strong that O, cannot
competitively adsorb and be activated at low temperatures.>>*
However, it was reported recently that CO adsorption on Pt-
group metal supported on partially reduced iron oxides could
be significantly weakened.>” This may enable the competitive
adsorption of O,. Furthermore, on iron oxide-supported Pt-
group metal catalysts, a noncompetitive Langmuir—Hinshel-
wood mechanism is also plausible.>** To gain more insights
into the observed high activity of our Pt/Fe catalysts, we
measured the CO adsorption with microcalorimetry. As shown
in SI Figure S6, the microcalorimetry data shows that the initial
CO adsorption heat was only ~96 kJ/mol, much lower than
that of the CO adsorption on an L-zeolite supported Pt small
clusters (~175 kJ/mol) and on single-crystal platinum surfaces
(~180 kJ/mol).*® This result unambiguously confirms that the
CO adsorption on our Pt/Fe catalysts was so low that the
competitive adsorption of O, on the same active sites was
possible.

We further performed in situ diffuse reflectance infrared
Fourier transform spectroscopy (DRIFTS) measurements
under 1 vol % CO flow and then 1 vol % CO + 1 vol % O,
flow. As shown in Figure 3, under 1 vol % CO/He gas flow,
three bands centered at 2170, 2120, and 2068 cm™' were

Table 1. Specific Rates and TOFs of Pt Subnano Catalysts in Comparison with Other Typical Pt Catalysts Reported in the

Literatures

Pt(Au) loadings, wt % reaction specific rate X102, molco h™ gau/pe TOF X 10% s7! temp, °C note
Au/Fe,0; 44 PROX 39.3 8.6% 27 this work
Pt/Fe-UC 2.0 PROX 193 14.0° 27 this work
Pt/Fe-C2 2.3 PROX 25.8 18.1% 27 this work
Pt/Fe-C4 2.5 PROX 20.3 9.2° 27 this work
Pt;Sn/C 16.6 PROX ~2.3° 27 ref 14
Pt/AlLO, 2.0 PROX ~0.2 80 ref 16
K-Pt/ALO, 2.0 PROX ~32 80 ref 16
Pt/Fe,0, 0.17 PROX 67.6 212 27 ref 20

“Gold dispersion was calculated according to the relationship between the degree of dispersion and the particle size: D = 0.9/d,; bPt dispersion was
obtained by CO chemisorption by assuming CO/Pt = 1/1. “Calculated on the basis of the activation energy and the TOF data at 80 °C.

2115

dx.doi.org/10.1021/cs500501u | ACS Catal. 2014, 4, 2113-2117



ACS Catalysis

2170 cm™

2120 cm™ ??68 om

CO +1% O,

Absorbance (a.u.)

—T 77T 77—
2300 2200 2100 2000

Wavenumber /cm™

Figure 3. In situ DRIFT spectra of CO adsorption and CO + O,
coadsorption on the Pt/Fe-C4 sample.

observed. The former two bands are attributed to the gas-phase
CO (R and P branches)** and the last band was ascribed to the
CO adsorption on metallic Pt site.>>*® After introduction of 1
vol % O,, the gas-phase CO bands remain unchanged.
However, the band of the adsorbed CO shifted to a higher
frequency of 2075 cm™. Such a shift reflects the decreased
back-donation of electrons from Pt to CO, suggesting that the
competitive adsorption of O, on the same Pt sites had
occurred.®

This conclusion is opposite that obtained on an Ir/Fe
catalyst that the CO adsorption remained unchanged after
introduction of O,,** suggesting that the CO oxidation on the
Pt/Fe catalysts followed, at least partially, the competitive L—H
mechanism. In addition, the reaction rate shows that after
calcination at 400 °C, the TOF of the Pt/Fe catalysts decreased
to half. This suggested that the CO oxidation on the Pt/Fe
catalysts also followed a noncompetitive L—H mechanism>” or
a redox mechanism®*?® because if it completely followed the
competitive L—H mechanism, the reaction data should be
similar. Furthermore, for the noncompetitive L—H or redox
mechanism, the activation of O, occurred on the FeO, support.
Because the ability of FeO, support to activate O, decreased
seriously after calcination at 400 °C,”>?° the activity of Pt/Fe-
C4 would accordingly decrease if they followed a non-
competitive or redox mechanism, which is very consistent
with the experimental data. Clearly, from these characterization
data and analysis, we can conclude that the CO oxidation
followed a mixture of competitive L—H mechanism and a
noncompetitive LH/redox mechanism. The competitive L—H
mechanism ensures that the activity of high-temperature
calcined Pt/Fe-C4 sample was high enough.

In summary, we have synthesized uniformly dispersed Pt
subnano clusters and single atoms on iron oxide supports by a
facile coprecipitation method. Compared with the standard Au/
Fe,0;-WGC catalyst, our Pt/Fe catalysts, with or without
calcination at elevated temperatures, exhibited a comparable
activity but a wider temperature window for CO total
conversion and a better tolerance to CO, poisoning. The
reaction followed a mixture of competitive mechanism and a
noncompetitive/redox mechanism. The weakened CO adsorp-
tion on small Pt clusters and atoms makes the competitive
adsorption of O, feasible, which ensures a high activity of Pt/Fe
catalysts, even calcined at elevated temperature. The highly
dispersed Pt single atoms and subnano clusters increase the
atom efficiency of Pt metal. The realization of CO total
conversation at ambient temperatures with a wide temperature

range makes these catalysts more applicable for the PROX
reaction.
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